We report a systematic study of the structural and magnetic properties of free-standing rhodium clusters (Rh N , 4рNр26). The geometrical structures of the global minima and lowest energy isomers were obtained with a semiempirical Gupta potential and employing a global evolutive search algorithm. The spin-polarized electronic structure and related magnetic properties of these geometries were calculated by solving selfconsistently a spd tight-binding Hamiltonian. We determined the possible coexistence of different isomers and found that inclusion does not, in general, change significantly the magnetic moments obtained for the global minima structures. Results are compared with the experiment and with other theoretical calculations available in the literature.
I. INTRODUCTION
The tailoring of new magnetic materials with novel properties is one of the cornerstones of materials science. The Stoner criterion for the existence of spontaneous ferromagnetism is only fulfilled in a few of the 3d bulk transition metals ͑TM͒-Fe, Co, and Ni. 1, 2 None of the 4d and 5d solids are magnetic spontaneously. 2 However, since the 1980's, the experimental growth and characterization of lowdimensional systems ͑surfaces, films, and small clusters͒ [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] with reduced coordination and symmetry, and relaxed interatomic distances, opens the possibility of stabilizing magnetic phases in certain a priori nonmagnetic 4d and 5d transition metals systems. 5 Examples of experimental evidence for the 4d ferro-magnetism in two-dimensional Ru and Rh structures supported on substrates can be found in Refs. [12] [13] [14] .
The study of magnetism in clusters is a two step problem: ͑i͒ the identification of the lowest energy geometrical structures and ͑ii͒ the determination of the respective electronic properties. These steps are not independent, although it is a common approximation to separate them due to the computational costs involved in fully self-consistent calculations, even in the case of very small clusters. [15] [16] [17] [18] The ab initio methods are limited to very small cluster sizes 19 so that for the cluster sizes in the range involved in experiment, there is little alternative but to perform semiempirical calculations. 15, 16 In the particular case of 4d magnetism, rhodium has been the most studied, and at the same time, the most controversial of this series. Many investigations in Rh clusters were motivated by the pioneering theoretical works by Galicia, 20 Reddy et al., 21 and the experimental results by Cox and co-workers. 5 However, most of the electronic calculations for Rh clusters available in the literature have been performed assuming fixed geometries, [22] [23] [24] or optimizing just the bond lengths. [25] [26] [27] [28] [29] [30] [31] [32] Recently, Reddy et al. 33 have combined the techniques of molecular-dynamics ͑MD͒ for the geometrical part and density-functional theory ͑DFT͒ for the electronic part. With this approach, they could study small Rh clusters only up to 13 atoms.
The available theoretical studies of free-standing rhodium clusters, most of these performed within the DFT-LDA approximation, demonstrate a wide dispersion in the magnetic properties. 20, 22, 25, 26, 28, 31 This suggests a strong sensitivity of the calculated magnetic properties of Rh to the approximations of the method and to the presumed underlying geometric structure. The geometrical structure of free-standing clusters is an elusive property since experimental information is indirect and not sufficient to determine the structure precisely. In another context, ab initio calculations for the Rh dimer supported on Ag͑001͒ have also shown that this metal does not always follow the general trends of magnetism with respect to the coordination number and interatomic distances. 34 The local magnetic moment in the supported dimer decreases while increasing the interatomic distance, in contrast to the general behavior of the 3d elements. Therefore, we believe that a systematic study of both the geometrical structure and magnetic properties is required for freestanding Rh N clusters in a size range similar to that studied experimentally. This is the objective of the present work.
We have performed a systematic search for the global minimum and the three lowest energy isomers of Rh N clusters in the range of 4рNр26 atoms. The geometries have been obtained using a global search method on the energy surface of a many-body Gupta potential. 35 The spinpolarized electronic properties were then calculated for these geometries using a Hubbard type Hamiltonian for the 4d,5s, and 5p valence electrons within the unrestricted HartreeFock approximation. The magnetic moments of the different isomers were weighted according to their relative normalized populations ͑RP's͒ calculated using the free energies and assuming an equilibrium distribution at room temperature. This allowed comparison of the magnetic moments obtained for the global minimum geometries with that obtained by including the coexistence of the lowest energy isomers. The magnetic behavior of the Rh 13 cluster as a function of interatomic distance is investigated. In the next section we briefly de-scribe the methods and approximations used. The results obtained for the geometrical structures and the magnetic properties are presented and discussed in Sec. III. In Sec. IV we summarize the main conclusions of this work.
II. GEOMETRIC AND ELECTRONIC STRUCTURE CALCULATIONS

A. Geometrical structure
The global minimum geometrical structures of the clusters have been obtained by making 80 000 global optimizations starting from distinct random initial configurations of the atoms within a sphere large enough to include all conceivable low energy geometries. The optimizations were done with an evolutive, symbiotic algorithm, 36 an efficient variant of the genetic algorithm, 37 that takes advantage of the tight coupling of nearest neighbor atoms through the short range of the interaction. The algorithm employs a hybrid approach consisting of the global genetic algorithm with stochastic moves on the potential energy surface which avoid entrapment in high-energy local minima, combined with local conjugate gradient relaxation once the global part has reached the attraction basins of the lowest-energy minima. Details of the application of the symbiotic algorithm to the optimization of metal clusters using the Gupta potential are given in Ref. 38 .
The attractive, many-body part of the Gupta potential is formulated in the second moment approximation of the density of electronic states within the tight-binding scheme, while a Born-Mayer term describes the repulsive pair interactions. This potential is expressed as
The parameters pϭ18. 45, qϭ1 .867, ϭ1.66 eV, and A ϭ0.0629 eV for rhodium are obtained by fitting to the bulk cohesive energy, lattice parameters, and elastic constants. 35 The radii are expressed in reduced units where r 0n ϭ1.
The use of a potential to model the structure of the Rh nanoclusters was necessary in this work since ab initio and truly global optimizations can only be performed on very small clusters (р8 atoms) with existing computational resources. The Gupta potential is considered to be semiempirical since it is based on the second moment of the electron density of states in the tight-binding scheme, while its parameters are fit to empirical data. The tight-binding scheme takes into account the electronic structure of the system and the quantum-mechanical nature of the bonding. In addition to this physical reason, our choice of the Gupta potential was based on our very successful application of this potential, combined with the parametrizations of Cleri and Rosato, 35 43 that most metals of the periodic table follow the icosaheral growth pattern, which we found for Rh, at sizes greater than about 10 atoms ͑see below͒. The only exceptions ͑up to 98 atoms͒ are encountered at Nϭ38 and around Nϭ75 for which the truncated octahedron and Marks decahedral structures, respectively, are of lower energy. For Nϭ38 atoms, although not reported in this work, our results predicting the truncated octahedral geometry are in agreement with other, more complex Gupta parametrizations by Chien et al. 44 For Nϭ24 and 26, our global minima and first isomers results are inverted with respect to those reported by Chien et al. The only metals we have found which do not follow this trend are Au, Cd, and Zn. These metals appear to have disordered global minimum structures for all sizes, at least up to 100 atoms. 38, 39 For the metals Au, Cd, Zn, Na, Pt, and Pd, we have checked the results of the Gupta potential, incorporating the parametrizations of Cleri and Rosato, 35 with density functional calculations carried out at both the LDA and the GGA levels. 39, 41, 45 The validation of the potential from this perspective is based on three findings. First, all low-energy minima we have found for the Gupta potential are also minima with density functional theory ͑both at the LDA and GGA levels͒. Second, the order in energy of the three lowest energy isomers is basically the same except for a few exceptional cases in which two isomers are almost degenerate in energy. 45 Finally, we have plotted the distances from the center of mass of all of the atoms of Au 101 obtained with the Gupta potential, and the same obtained with density functional theory at the GGA level. 46 The almost exact correspondences are very convincing in validating the Gupta potential for these metals. This result gives us confidence that the Gupta potential also models Rh well.
From still another perspective, we have compared the calculated structure factors for the global minima of Au 38 and Au 75 obtained with the Gupta potential with those obtained from x-ray diffraction experiments. The results of the Gupta potential show very good agreement with experiment. 38 The reliability of the algorithm in locating the global minimum of metal nanoclusters of sizes up to 75 atoms has been reviewed in Ref. 38 and can be considered as being good, because the lowest-energy minima are found many times.
B. Electronic structure
The spin-polarized electronic structure of Rh clusters was determined by solving self-consistently a tight-binding Hamiltonian for the 4d, 5s, and 5 p valence electrons in a mean-field approximation. In the usual second quantization notation, this Hamiltonian can be expressed as follows:
where ĉ i␣ † is the operator for the creation of an electron with spin and orbital state ␣ at the atomic site i, ĉ j␤ is the annihilation operator, and n i␣ is the number operator. The hopping integrals t i j ␣␤ between orbitals ␣ and ␤ at sites i and j describe the electronic delocalization within the system, which is relevant for itinerant magnetism. In this work, we considered hopping integrals up to third nearest-neighbor distances. These integrals are assumed to be spin independent and have been fitted to reproduce the band structure of bulk Rh. 47 However, since interatomic distances in the clusters differ slightly from the bulk, the variation of hopping integrals with the interatomic distance r i j has been explicitly considered using the typical power law (r 0 /r i j ) lϩlЈϩ1 , where r 0 is the bulk equilibrium distance and l, lЈ are the orbital angular momenta of the (i␣) and ( j␤) states involved in the hopping process. The spin-dependent diagonal terms account for the electron-electron interaction through a correction shift of the energy levels
Here, i␣ 0 are the bare orbital energies of paramagnetic bulk Rh. The second term is the correction shift due to the spin polarization of the electrons at site i ( i␤ ϭ͗n i␤↑ ͘ Ϫ͗n i␤↓ ͘). J ␣␤ are the exchange integrals and z is the sign function (z ↑ ϭ1, z ↓ ϭϪ1). As usual, the exchange integrals involving s and p electrons were neglected taking into account only the integral corresponding to d electrons (J dd ). Note that although the sp exchange integrals are neglected, spin polarization of the delocalized sp states will exist as a consequence of hybridization with the d states. Usually J dd is obtained by fitting to the bulk magnetic moment. However, since rhodium bulk metal is paramagnetic, we have taken J dd ϭ0.40 eV so that it gives simultaneously the best fit to the magnetic moments of the Rh 13 and Rh 19 clusters as calculated by Jinlong et al. 25 through the DFT-LSDA method ͑see Fig. 1͒ . For Rh 13 we have the same value as Jinlong whereas for Rh 19 we slightly understimate the magnetic moment, this value of J dd corresponds to the best simultaneous fitting considering the dependence shown in the Fig. 1 . Those cluster sizes have been selected because the icosahedral and double icosahedral geometries are typical in almost all calculations. Finally, the site-and orbital-dependent selfconsistent potential ⍀ i␣ assures the local electronic occupation, fixed in our model by interpolating between the isolated atom and the bulk according to the actual local number of neighbors at site i.
The spin-dependent local electronic occupations are selfconsistently determined from the local densities of states
which are calculated at each iteration by using the recursion method. 48 In this way, the distribution of the local magnetic moments ( i ϭ ͚ ␣ i␣ ) and the average magnetic moment per atom ( ϭ1/N ͚ i i ) of the Rh N clusters are obtained at the end of the self-consistent cycle.
The description of the magnetic properties of lowdimensional 4d transition metal systems requires the same ingredients as for the 3d series, in particular, the explicit consideration of the electronic delocalization in order to account for the itinerant character of the magnetism of these materials and also the symmetry of each system which plays an important role due to the directional bonding. The fact that this tight-binding model has been successfully applied to the study of 3d TM clusters in both the free-standing configuration 15 and supported on a substrate 18 give us confidence in its utilization for the investigations presented here.
III. RESULTS AND DISCUSSION
There are no experimental works concerning the geometrical structures of Rh N clusters. The reactions of ammonia and water molecules on hydrogen saturated clusters and photo-ionization experiments are used to obtain clues to the geometrical structures of Fe, Co, and Ni clusters. 49, 50 These works give evidence of polyicosahedral structure in ammoniated and bare Ni and Co clusters.
On the theoretical side, recently the Gupta potential has been used for Ni N clusters and for noble metal clusters like Au N and Ag N by Michaelian and co-workers 38 using the symbiotic algorithm applied in the present work. In the case of Au N clusters, they have found evidence of disordered global minima for Nϭ19, 38, and 55 atoms. 38, 45 Polyicosahedral atomic growth is revealed for Ni and Ag clusters, at least for the global minima and up to sizes of Nϭ55 atoms. Such an icosahedral growth pattern is also obtained here for the global minima structures for Rh N up to Nϭ26 atoms ͑see structures denoted as ͓1͔ in Fig. 2͒ . In general, this pattern is followed by incorporating atoms ͑one by one͒ to a stable closed shell structure, reaching in this way the main and intermediate icosahedral sizes, i.e., Rh 13 , Rh 19 , Rh 23 , and Rh 26 . For the second isomers ͑denoted as ͓2͔ in Fig. 2͒ there is not a well defined sequence of structures, although isomers with Nϭ7, 11, 15, and 16 seem to follow a growth pattern with a square pyramid (C 4v ) as a base unit. In general there are threefold, fourfold, and fivefold local symmetries in this isomeric sequence; also distorted icosahedrals are present, particularly at large sizes, except for Rh 26 which has an hcp symmetry. For the third and fourth isomeric sequences ͑not shown in the figure͒ there is no well defined family of structures.
In Fig. 3 we plot two of the most representative geometrical properties for the free-standing clusters shown in Fig. 2 ; the average atomic coordination and the average nearest- neighbor distance. Notice that the average coordination in the three different series of isomers is generally the same regardless of the different geometries. For the nearestneighbor distances, small variations from the bulk are observed although the convergence to the bulk value is already reached at small sizes, around Rh 13 .
For Nр7 our global minima are the same as those reported by Reddy et al. 33 ͑except at Nϭ5), who used the Gupta potential form proposed by Llois and Weissman 51 in a MD search combined with bond optimization using DFT. 33 The Gupta potential they used has a (2/3) exponent in the many-body band term, instead of the usual (1/2)-see Eq. ͑1͒. The only structure that changes after DFT relaxation is the hexahedron Rh 5 (D 3h ), which stabilizes in a square pyramid structure (C 4v ), whereas our calculation predicted a hexahedron as the global minimum and a planar triple triangular structure as the second isomer. For 9рNр13 our clusters are decahedral ͑pentagonal bipyramid͒ plus additional adjacent atoms around the main symmetry axis until an icosahedral is reached. In this size range, all our geometries agree with those obtained by Reddy et al. 33 and those by Doye and Wales 42 using a Monte Carlo approach and the Sutton-Chen potential. Although our geometries and those of Reddy et al. are similar ͑the only difference is at Nϭ5), the cluster size is different. Our clusters are systematically larger than those of Reddy et al. 33 Our average bond length goes from 2.62 Å-in the tetrahedral to 2.69 Å-in the icosahedral, whereas Reddy et al.'s bond length goes from 2.5 to 2.68 Å for the same size range. We believe that these discrepancies come from the different versions of the Gupta potential used, due to the energy band term. This term incorporates a manybody summation, which is proportional to the hopping integrals through the second moment of the density of states, and the exponent (2/3)-or (1/2) in our case-affects indirectly the bond distances. 35, 51 Results for 14рNр19 show an icosahedral growth pattern for the lowest-energy structure until a double icosahedron is reached at Nϭ19, with an average nearest-neighbor distance similar to that of the bulk. For Nϭ23 and Nϭ26 atoms we find a polyicosahedral structure formed by three and six interpenetrated double-icosahedral sections, respectively. The only theoretical study of the geometrical structure of free-standing Rh N clusters with sizes larger than Nϭ13 atoms is that of Ref. 42 using Monte Carlo minimization and the family of Sutton-Chen potentials for clusters with N р80 atoms. The agreement with these results is good, the only differences are at Nϭ23 and Nϭ26 atoms. For Nϭ26 our second isomer corresponds to the global minimum obtained by Doye and Wales, a hexagonal closed packed structure. Table I summarizes the results we obtained for our global minima compared with other published calculations. In the case of Rh 4 , there is general agreement that the lowestenergy structure is a tetrahedron (T d ) using both ab initio and semiempirical methods with small dispersion in the calculated binding energies per atom. This structure is nonmagnetic ͑see Table I͒ Fig. 2 for ͓2͔ Rh 4 and discussion below͒. These magnetically open structures are energetically close to the global minimum, although not close enough to allow transitions through thermal excitations from one structure to another at room temperature. However, this kind of structural transition may be possible under strain forces ͑e.g., supported clusters͒ or pressure conditions ͑e.g., inside a matrix͒. This has been studied by Wildberger et al. 52 for Rh ad-atoms on Ag͑001͒ with the KKR-Green's function method. Interestingly, they have found that compact structures such as the square have significant magnetic moment.
For Rh 5 , all the calculations predict a magnetic moment. We obtain a triangular bipyramid ͑hexahedron͒ as the global minimum, as found by Jinlong et al. 25 through the LSDA approximation, with the same magnetic moment although with different cluster size. Both Refs. 31 and 33 have obtained a square pyramid C 4v as the most stable structure, with similar equilibrium bond length and magnetic moment. For Rh 6 we find a geometry that is widely obtained as the lowest-energy structure by different methods and approximations, 25, 26, 28, 31 although with different cluster size. Our magnetic moment is in agreement with the results ob- tained by Zhang et al. 28 and Chien et al. 31 Rh 13 is one of the most studied clusters because it is considered as the seed for different cluster growth patterns, i.e., O h fcc , I h ico , D 3h hcp , and even O h bcc ͑Ref. 30͒ symmetries. A wide dispersion in the calculated magnetic moments is present in the literature. In almost all works, differences in the interatomic distance are small (Ϸ2%) compared to that of the bulk. We found good agreement with results presented in Refs. 33 and 53 concerning the magnetic moment and cluster symmetry I h . The relationship between bond length relaxations, symmetry and magnetism has been studied for this size in the case of 3d ͑Refs. 19,54͒ and 4d ͑Ref. 53͒ systems. This point will be discussed in more detail below. Finally, Nϭ19 atoms is another extensively studied geometry in TM clusters because the icosahedral growth pattern give rise to a double icosahedron. Again, the agreement in size, binding energy and magnetic moment with ab initio results from Jinlong et al. is remarkable, although this time they used a constrained structure. Other works using a fcc geometry differ significantly from experiment. Our result compares well with the experimental behavior, both in magnitude, and as being a maxi- mum at this size. The magnetic behavior obtained from Rh 15 to Rh 26 follows the experimental trend qualitatively well as a function of cluster size, describing the experimentally observed minima and maxima.
In Fig. 4 we have plotted the relative stability of each global minimum Rh N cluster with respect to its adjacent clusters Rh NϪ1 and Rh Nϩ1 . Maxima correlate to the main and intermediate icosahedral sizes (Nϭ13, 19, 23 , and 26 atoms͒, structures which have been recognized as having high stability in previous theoretical works. 42 The usual experimental technique for cluster generation, laser vaporization in a flow system, involves many control variables ͑gas transport pressure, cluster concentration, internal and source temperatures, etc.͒. Therefore, cluster growth is a very complex process where coexistence of different isomers is possible, as has been shown in structural 50 and magnetic 5 experimental works with Ni and Co clusters. Although the growth process is far from equilibrium, once formed, the clusters are in a thermal bath which allows them to evolve to an equilibrium distribution of the isomers, before the measurement of the magnetic moment is obtained. In this context, the relative populations of the four lowestenergy isomers of each size have been calculated assuming an equilibrium distribution at 300 K. Room temperature seems to be a reasonable value for the internal cluster temperature as has been discussed by several authors.
5,55 The free energy F was calculated according to 56 
FϭVϩ
where the first term represents the potential energy, the second term is the zero point energy, and the third, the vibrational contribution to the entropy. The frequencies of the normal modes i were obtained in the harmonic approximation from the eigenvalues of the Hessian evaluated at the minima in the potential energy surface. In Table II the relative isomer populations up to the fourth isomer are tabulated. It is note worthy that there is not an appreciable coexistence of isomers over most of the size range studied here, the only exceptions being at the sizes of Nϭ17, 18, 21, 24, and 25 atoms. This is due to the influence of the enthropic contribution of the low-frequency normal modes of the isomers to the free energy at these sizes where the potential energies of the global minimum and next isomer are almost degenerate. We did not find a significant contribution of the fourth isomer to the populations, the exceptional case being at Nϭ17 atoms with Ϸ2.7%. Thus, the fourth and higher-energy isomers were not considered. Our results indicate that at most sizes, there should be few isomers other than the global minimum at the temperature of experiment.
Magnetism in low-dimensional systems is influenced by a number of factors such as the symmetry, local coordination, and interatomic distances. For 3d systems there are two widely accepted semiempirical rules that correlate the magnetic moment with the structure: decreasing coordination and increasing interatomic distance enhances the magnetic moments because both factors tend to reduce electron delocalization. Our results indicate that these rules do not seem to hold in general for Rh N clusters. This has also been noticed moment per atom ( B ) and their respective relative normalized coexistence population RP at room temperature for the global minimum structures ͑second and third columns͒ and for the second isomer ͑fourth and fifth columns͒. For the third and fourth isomers ͑sixth and seventh columns͒ we present just the normalized coexistence population. Note that there are significant contributions of the third isomer just in Nϭ17, Nϭ21, and Nϭ25 atoms. The magnetic moment per atom for the third isomers that have contributions different than zero are 17 [3] ϭ0.83 B , 21 [3] ϭ0.02 B , and 25 [3] ϭ0.45 B , respectively. Within the present scheme, fourth isomer does not contribute with isomerization.
N [1] RP [1] [2]
RP [2] RP [3] RP [4] by Stepanyuk et al. 34 for Rh nanoclusters supported on Ag͑001͒. In contrast to 3d clusters such as Ni, where we have obtained in a previous work a linear decreasing dependence of with Z ͑see Ref. 15͒, here we obtain a large dispersion of the results, accompanied sometimes with oscillations.
As we have already pointed out, there is a wide dispersion in the available theoretical results for the magnetic moment. We now further analyze this aspect with respect to the case of Rh 13 for which the icosahedral structure is obtained in most of the theoretical approaches. The structural symmetry of the cluster is thus excluded as the possible source of the discrepancy among the different theoretical calculations. Different calculations, however, give slightly different interatomic distances for icosahedral Rh 13 . In order to test how sensitive the magnetic properties are to changes in the interatomic distance and if these slight changes may be the origin of the discrepancies, we have performed uniform compressions and expansions of up to 10% of the global minimum icosahedral structure. Figure 5 shows the resulting magnetic behavior. An expansion factor of 1 corresponds to the global minimum. We have also included the results available in the literature for this cluster at the corresponding interatomic distances. Our results indicate that the differences in the magnetic moments obtained with the different methods are not associated with the different interatomic distances since, over a wide range of compression factors ͑which includes all the interatomic distances reported in previous works͒, the magnetic moment does not change appreciably. Therefore, we conclude that the magnetic moment is not very sensitive to changes in the interatomic distance around the reported values and thus, the origin of the dispersion of the results is still unclear.
In Fig. 6 we show the results of the average magnetic moment per atom as a function of the cluster size for optimized global minima ͑upper panel͒ and for the second isomer ͑lower panel͒, compared with the experimental data up to Nϭ26 atoms. In both cases, we obtain the general trend of decreasing magnetic moment, in a nonmonotonic fashion, while increasing the cluster size, the moment nearly vanishing as we approach NϷ25, in good agreement with the experimental findings. As for other transition metal clusters, we obtain an oscillatory behavior. For the global minima structures ͑upper panel of Fig. 6͒ the maxima are located at N ϭ8, 10, 13, 19, 22, and 25 atoms, and the minima at N ϭ9, 11, 17, 21, and 24 atoms. For NϽ13 our results do not correlate well with the experiment which display a flat dependence in the magnetic moment from Nϭ9 to Nϭ11 atoms with the minimum located at Nϭ13. It is worth noticing that the first-principles calculations by Jinlong et al. 25 and Reddy et al. 33 for Nϭ13 also lead to a maximum, as in our case. For larger clusters (NϾ14) we have a very good qualitative agreement with the experiment. The experimental observed maxima at Nϭ19 and Nϭ21 atoms are well described and the experimental minima at Nϭ18, 20, and 24 atoms are fairly well described by our results at Nϭ17, 21, and 24, atoms respectively. In general, our absolute values slightly overestimate the experimental ones, except at smaller sizes.
Concerning the second isomer ͑lower panel in the Fig. 6͒ , we have also an oscillatory behavior of the average magnetic moment per atom as a function of the cluster size with very sharp maxima and minima. It is interesting to analyze the cases of Nϭ13 and Nϭ19. The geometrical structures of the second isomers are icosahedral clusters with one of the atoms misplaced. When this atom is not misplaced and completes the closed shell of the perfect icosahedral structure ͑global minima structure͒ the magnetic moment increases ͑compare both panels of Fig. 6͒ . These type of geometrical effects in conection with the magnetic behavior have been also observed and theoretically calculated in Ni clusters. However, in the case of Ni clusters, symmetrical structures lead to a lower magnetic moments, in contrast to Rh clusters. This result gives further support to the unique magnetic behavior of low-dimensional rhodium systems.
As discussed previously, our results indicate that at most sizes, there should be few isomers other than the global minimum at the temperature of the experiment. Therefore, the consideration of the different isomers does not change significantly the magnetic trends obtained for the global minima and the comparison with the experimental results. We have checked this point by weighting the magnetic moments by their corresponding calculated populations shown in Table II .
IV. SUMMARY AND CONCLUSIONS
We have determined the geometrical structures of small Rh clusters with a many-body Gupta potential using a global search method. For the global minimum we found that the icosahedral growth pattern dominates for small clusters. For the second isomeric sequence there is no well defined pattern although, in most cases, the clusters are slightly distorted icosahedral structures, particularly for the larger sizes. For the third isomeric sequence, it is not possible to identify a well defined family of structures.
Using a tight-binding Hamiltonian, we calculated the spin polarized electronic structure of the lowest-energy isomers of the clusters. We obtained the general tendency of the magnetic moment to vanish as the cluster size approaches N Ϸ25 and good qualitative agreement with the experimental findings for Nу14 atoms. However, the results for the magnetic moment as a function of the cluster size show an oscillatory behavior around the experimental data as a function of the size for Nр13 atoms. The wide dispersion in the published theoretical results for the magnetic moments at smaller sizes clearly indicates that more work has to be done in refining the calculations. However, it may be true that experimental conditions are a poor approximation to equilibrium. Contamination with neighboring cluster sizes could also have a significant effect on damping the oscillations found in the calculations.
The empirical rules relating geometrical factors like local coordination and nearest-neighbor distances with the magnetic moment do not hold in general for rhodium clusters. We have investigated the degree of isomer coexistence assuming an equilibrium distribution at room temperature, and studied its effect on the magnetic behavior. We only find an appreciable coexistence of isomers for the sizes of Nϭ17, 18, 21, 24, and 25 atoms. Of these sizes, only the sizes of 17 and 21 atoms the magnetic moment of the second isomer ͑and at Nϭ25 for the third isomer͒ differ significantly from that of the global minimum. We therefore conclude that the discrepancy between the magnetic moments obtained in experiment and our calculations at small sizes cannot be attributed to the effect of the coexistence of isomers and must be found elsewhere.
